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AIIS’I’RACT

We present new observations of the [S III] 19pm, [0 111] 52 and $fl~ml, and [h’ 111] 57pm
lines toward 18 compact and ultracompact (lJC) H 11 regions. These data were combined
wit}) data from the literature and high-rmolution  radio contimrunl  maps to construct detailed
statistical equilibrium and ionization equilibrium models of 34 compact }1 11 regions located
at galactocentric distances (DG) O - 12 kpc. Our models simultaneously fit the otxe]ved  lR
fine-structure lines and hig}l-resolution radio continuum maps. Abundallce  gradients are foulld
of the form [S / H] = (-4.45 + 0.04) - (0.063 A 0.006) DG (kpc),  [N / H] = (-3.58 + 0.04) - (0.072
4 0.006) I)c (kpc),  and [0 / H] =: (-2.85 + 0.06) - (0.064 4 0.009) Dc; (kpc),  arid we derive
‘1: = (4560 + 220) -t (390 d. 40) DG (kpc).  The  T, gradient is consistent vrith the ?: gradier)t
determined independently via radio recombinatioxl  lines (Aftlerbach  et al. (1996). We observe
no dependence of S / O, hT / O, or Tefj on I)G. Gradients in h’++ / 0+ + and 0++ / S+ + are
observed in the sense of increming  ionization with increasing DC;. This is entirely colJsistcmt wit II
the decre~scd  line blanketing with increasing Dc; required by the above abundance gr aciients.
All three gradients are best fit by a linear deperldcmce  on lIG.  ‘Illc abundallces  are col]sistcnt
wit}l  production of sulfur, nitrogen, and oxygen by primary nucleosylJthesis.  Corli~Jarisorl  with
abundances in other galaxies implies a Hubb]c ty~)e between Sab and Sb for our galaxy a])d
an untrarred  or mixed galactic structure (Vila-Costm  Lr Edmul)ds  1992).  Our derived 7~jj is
2000 K to 10000 K lower than ‘?’,fj  ex~)ected from ZAh4S stars of the same l,yrnan  col]tirluurl)
flux (1’anagia  1973; Vacca et al. 1996), probably due to uncertainties in the IJ\’ flux of stellar
models  for E > 35. I eV, uncertainties in the luminosity-l’efj calibration, and/or ionizatio]l  of H
11 regions by multiple stars ill some sources.

1. INTROI}lJCTION

‘J’hc distribution of galactic ele]nent  abundances is a key to the chemical evolution of the galaxy.
‘1’hc  present distribution of cbernical abundances, or rnetallicities,  in the galactic plane  is a functioxj of
many variatk:  the historical star formation rate, the initial mass functioIJ, the relative yield of elements,
homogeneity of the interstellar medium, infal] of material from the halo, and radial inflows or outflows Of
gas. Each of these processes may be functions of positiou  and/or time. Ily determining the distribution]

,
of rnetallicities in our galaxy, we should be able to provide important constraints on models of galactic
evolution. Additionally, by comparing the distribution of galactic abundances to those in other galaxies, we
call infer the morphology and other properties of our galaxy.

The form of the galactic abundance gradients is controversial. Shaver  et al. (1983), Mezger ct al. (1979),
Churchwel]  &. Walmsley  (1975), and others find a decretuse in metallicity  with increasing galactocentric
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stella~ evolution. Until now, UC 11 11 regions have l~ot been observed in surveys of galactic abundal)ces.
lkcause they  appear to i)cr~~orc}lon~ogel]eous  than other candidate sourccs  and arc bright  enougii  to be
obser~,eci t}lro@lout the galaxy, t})ey are a ~>loxllising  means of dewrrlliliing  galactic atrunrtallces,

We selected  sources for 11{ lil)c observaticms  based o~] tlm availability of high resoiutioxl radio continuuln
ima~csj comJ)actrrms, and excitation as high a-s permitted by source availability. Compact IIebulae  fit

rmtirc]y within the KAO beam, so no correctioxi  for missit)g flux should be necessary. IIig}l excitatio~l
Ilcbulae  (ionized by a L,yman continuum photon flux greater than 104a2) should have most O, N, and
S ill the doubly io~LiT,ed  state, so only small io~ii~.atiox) corrections should  be necessary to obtairi  atomic
at)ulldar)ces.

Scwtion 2 presents the FIR line and continuunl  observations and discusses data reductiorl;  Sectiol) ~
})rcsel)ts detailed models of each source; %ction 4 discusses derived properties of the nebulae; Section ~
discusses galactic abundances and compares t}m results to other models; and %ction 6 surnrriarizes  the
co]lclusioJ1s  arid recommends future work,

2. OR SI’XWATIONS

WC selected a sample of UC H 11 regions to }lave 1 ) radio continuum fluxes >0.5 Jy to ensure that lines
are otrservable;  2) high excitation (ionizing photon flux ? 104B”2 s- 1 ) so that the majority of the oxygen
and ]Iitrogen  is probably doubly  ionized; 3) compact nebulae, so that all the nebular flux is within the KA()
bea~ll; and 4) as wide a distribution a~ possible in galactocentric distance. ‘Io lilininlize  confusion from
IIcarby sources within the 45” bmrrl of the KA O, it wm preferable tc) observe spatial] y isolated sources,
iIlsktLd  of lJC 11 II regions in klloum clusters  ox complexes.

Observations were carried out on the nights of 9 and 13 June 1994 and the nights of 5, 9, arid I I

August 1995 wit}l the 91 cn, telescope of the KAO USiIlg  the facility Cryogenic Grating  Spectrograph (CGS)
developed by Fh-ickson et rd. (1984a, b, and 1985). Flights originated from the Anles Researc}l  Ccr]tcr at
Mcifett l~icld, CA in 1994 and IIicktlartl  Field in }Ionolulu, Ill ill 1’395. “1’he coordinates, c)bscrvatior]al
~)aramcters,  and characteristics from the literature for each source arc ir) I’able 1. Guiding ar]ci boresight
errors  were d. 5“. Sources were acquired fronl the offsets from stars in t}]e 11ST C;uide Star Catalog (Lasker
ct rr~. IWO; Jcnkner  et al. 1990). The chopper throu’ was 4’. Sequences of four ilitegratiolls  of ten secoz)ds
each wel-e taken with the source placed alternately in t}]e right and left bcarn.

For the [S 111) 19 pm observations, an array of thirteen Ge:Be detectors was used. For the othel
wavelen~ths,  we used an array of thirteer)  Ge:Sb detectors. The spectral resolution (~ / AA) for the 88,

57, 52, and 19 pm lines was 3920, 3505, 4470, and 4034, respectively. The profiles were unresolved by the
spectrograph. A 5 mm aperture was used, providing 11’WIIM  aperture sizes of 36.4”, 39.6”, 40.]”, and
43.2”, respectively. Observations took place at altitudes from 35,000 to 41,000 feet, where observed lines
are not strongly affected by telluric  absorption. The Hz O vapor column was derived from otrservations  of
the 85.4 pm line toward  Saturn; the 1120 vapor column ranged from 7 to 8 pm. V’avelength,  atmospheric,
and diffraction corrections have been applied tc) all spectra; each correction was typically <10%.

I
The absolute flux calibration was obtained by dividing each spectrum by a calibration spectrum of

Saturrl  observed on the same flight. The  expected emission of the disk of Saturn (Hane] et al. 1983; IIezard,
Cauticr & Marten 1986) was combined with the ring spectrum (Ham  et al. 1982) using the technique of
Matthews & Erickson  (1977) to produce the calibration spectrum.



m]ct 50000 K.

~’heinprrt  para]netcrsforthc  ]llodels aretlle al)ul]clar~ccsof }Ie, O, N, S, and Ne relati~ctc}}lydrogerl;
l~f ~, t}ic tcm]wraturc of the imlir.i]~g radiation field; N:, t}]cIluInbcI of ionizing ]Jhcrtcms;  71,(7_), theclectrol]
dellsity  witl) ~jositioxl  i]] thcnetrula; and j, tilcfraction of\’ol~~l~~efillcd  with gas. JVcite:atively detc~-rninc
the best-fitting parameters, constrai)led  by our FIR  line fluxes (’lablc  2) and radio continuum observatio]ls
ill ttlel itmature (l’able  3).

I’ion] the continuum observations, wcdcrive quantities useful for detailed ~nodc]ingofthe}l  II rcgioxls
(’Jablc 3). S,, isdeterlr)irlcd  fronlradio colltir]~lulI~ iI1]ages, gcr)erally ofresolutiol]  ~5''toerlsure  that Rc
are observing flux 011 all spatial scales. SU is measured at a frequency where t})e emission is thougt]t  to be
optically thi]l;  for most H 11 regions, t}lis is true for v ~ 8 GHz (Aftlerba&  et al. 1996; Kurt?, et al. 1994;
W o o d  & Churchwcl] 1989). lVedcterl[~ilie  thel,ysl~all  c{}~~til]uul~~ ptlotol~ flux clnitted by thestar, lV~, from
l{ubin (1968)  and Kurt?, et al. (1994),

(1)

~,l,ere sso[l~fc~;  i$ t}, e tots] r~io Corltixlllunl  fIuX in Jy (’I’able  3), .f is t}je fraction of ionizing photor)sv .
absorbed by gas, CI is a constant approximately equal to one (Mezgcr &~ Henderson 1967), v is the frequency
of tile radio continuu~n obscr}’ation  ix) GI]7., 2’; is the electron temperature of the 11 11 region, and D is tlw
distance from t}w SUI]  in kpc (l’able 1). For our initial models, we assume ( = 1, a =- 1 ar]d T, = 8000 K.

we correct t]Je ]R he  fluxes for extinction using the method of Simpson et a/. (1995). We assurrm  the
cxtinctio~l is proportioxla]  to the 9.7 prn optical depth ir) Table  3; for the raticr 7~/Tg.7 wc usc 0.395 at 18.7
~[~!l, 0.054 at 51.8 Jmi, 0.044 at 57.3 pm,  and 0.019 at 88.4 pm (Simpson &’ Rubin  1990). All subsequent
calculatiorls  ar]cl tables  are corrected for extinction. For sources where we derive  79.7 directly fronl the 10
pIJ] alld 18 p]n silicate features in the lRAS  I,RS spectra (Volk  &~ Cohen 1989), we apply  an approximaticm
(Sin,pson ]994) based on the method of Simpson & Ruhin  (1990).

The  core J)ropcrties  were determined fronl radio continuum images of spatial resolution -- 1 “. These
irna~,es  are insensitive to ftux on scale sizes > 10”, therefore the spatial filtering of the large scale ftux
r,r OC1 uces an image of the dcmse core component orlly. S$’OR*; was deterrnirwd front i~riages of frequmlcy z
15 G112, where the contil)uurri is generally optically t}]in. Oproj IS the mearl  ~~’l]fd determined fron] the

C: C) R}: R8P}, is the radius in arc-seconds of the core, determined from 61,rOj, decollvolvedsa]ue irllagcs a s  S’i, .
fr o~n tile beam, with the source rnodclcd as a sphere (hfezger & Ilerlderson  1967; Panagia & Walnisley
1978). We calculate from Mezger & Ilenderson  (1967) an rms density < n, > such that a sphere of this
derlsity  generates the observed S~OR1;. n, is derived frorrl  < n, > assuming \ = 0.1 (A fllcrbacl] et al. 1994;
IJaIlks & Meaburn  197]) fro]r) the equation

(Osterbrock  & Flather 1959).

3.2. Onc-Cornponent Models

A summary of t}le modeling process is shown in Figure 1. We begin our iterations in Step 1 using
h’; from g’atrle 3. WC assume  \ = 0.1. n, in the region c)f IR line emission is estimated from the ratio of
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atn~os~)hcrc that best  reproduces the observed line fluxes; the error is dominated by the 40$% u])certainty  in
()+ + / 0; it is < 1000 K for l~ff s 35000 K, more for higllcr  ~~fl (IJigurc 2). g’he u~icertainty  is ~ 20~. .
in N / 11 and 3 28% in S / 11, plus the me~wlrenmnt  uncertainty in the relevant line ([N’ 111] 57 pnl or [S
111] 19 p]u) added i]] cluadraturc.  The error is clue to the uncertainties ill the modeling process, including
the uncertainty in .$V,  the iolli7.ation correction, A’;, t}le density distribution, the filling factor, l’~ff, and

extinction. I“;xtinction  can be as large as 2 magnitudes for the [S 111] 19 prn line. The uncertainty iu 0 /
11 is 4 .45Y0,  plus the rneasurcmcnt  ux)certail~ty  added  i~l quadrature. It is higher than the uljcertainty  for
the S / H and N / H ahrndanccx  due to the larger ionization correction factor for O / H. T; is the mean
trxnpcratu~’e  derived for the nebula; its uncertaility is 3 10%, due primarily to the uncertainty ill 0 / 11.
Our analysis does not include possible errors in abundances due to the omissior]  of dust, stellar wit,ds,
ul)certaintics  in the stellar atxuospheres,  or uncertainties in atomic paralneters,

Some sources in Table  I could not be satisfactorily modeled. IVe were unable to fit a n)odcl to
observations of G359.98-t  O.03 due to the poor quality of the radio continuum information. For G34.26,
the geonletry  of the source (a dense cometary nebula  and a separate, diffuse regio~}  with its OMUI  ionizing
source) was il]compatible  with our S.pherically-sy mlnetric, single-stay models. G7.47, G12.21, and GII .95
were not observed in all the FIR  lillrxs necessary for a successful model. Abundances were derived for t}~e
sources <;30.76, G30.78, and G291.61, arid G291.fi3  fronl the data of Simpson et al. (1995) ar]d presented ill
Tab1e4;  however,  ff~ff for tllescsources isullcertain,  because  t})csourceis1lot  fully contained within the
beam. Our nlodek assumean ionization-bounded nebula  fully contained wit}lin the beam;  Simpson et al.
(1995) find that tl,is  assumption may lead to an overestimate of T,ff,

4. I> ISCUSSION

4.1. Ioni74ation

llcwauseo+ arid S+ llavev~idely different  iollip,atiorl ~~otexltials, q~\foft}le  io~lizir]gstc]lar atmospherein
our models is constrained by the observed ratio of the [0 111] 52 pm lirlc to tile [S 111] 19 ~~rf] lirle. Although
we begin  eac)l detailed rnodcl by assuming the Kurucz,  (1991) stellar atrnosp}jcre 7~ff  corres}jor]dirl.g  to
I,y~rlati  contitluulll  photon  flux (A’;) for ZAMS starsi~l I’anagia  (1973 ), our models indicatea much lower
2’;ff thali the ZAh4S  models would asssign to that Lyman  fkrx  (Figure 3). II] this analysis  weassurl]e  that
t}le lletmla  is ionization bounded and that the gks absorbs all iox]izirlg  pilot. orls. If dust absorbsa  significant
fractiorl  of ionizing photons, t}]e discrepanciesin Figure  3 between the n]odels (1’anagia ]973 al]d Vacca
et al. 1995) and the observed fluxes would be greater. ‘Ilis is a well-kuown effect  noted by several other
groups, ir)cluding IIerter, Ilelfer  & l’ipher  (]9S3).

V7c find an increase  ill 2~fj with N:, with a shallower slope than Vacca ct al. (1996) arid Par]agia
(1973)atld  arloflset i117>jj  ra]~giIlg  frornlOOO to2000Kat  N~ = 48.2 to-1000OK  at A’: Z- 49.9. For
48< log NJ < 49, theobserved?’,JJ  areco],sistent with model O stars of spectra] class II1. For 49.5 < lc,g
N: <49.8, the observed ?~jj are consistent with spectral class Ia (Vacca ct al. 1996). Although we can be
certaiu that compact 11 11 regions are not ioniT.ed by evolved stars, the corrclatioxl of our derived 7iff with
models of spectral class 111 and Ia may imply that the iot~izing  stars are more luminous than predicted by
l]aua~ia (1973)  a~ld Vacca et al. (1996).

Uncertainties in the stel)ar  atmospheres in the lJ17 may lead to a systematic uncertainty in l’i~f  ill
our nlodcls.  The 0+ + / O ratio depends extremely sensitively on the distribution of photons with E z
35. I eV, the io]~izatio]l potential of 0+ . Massive stars are expected to have winds Whic}l  produce significant.
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dro~) a.s quickly with distance from the cente]  a,< iIJ tile coo]er  stat. ‘J’l]c  regio~l of doubly  ionized ox-vgcII

coincides with the H 11 region.

The  metal  ions have a significant effect cm the IJebular radiaticm  field. The  result of bouml-f[ee
interactions with ions call be seen whine .11.: i~lcrcmes  slightly at each io11i7.ation edge. ‘J’he ixlcrease is
strongest for 0+ due to the l~igb abundance of oxygen!. l’}lotoiollizatioIl  of iorls is a significal]t source of
~~)ilcity.  l’he opacity is so large, that, in u)any cases, irlcrcasing  tlw atmndanccs  in the models leads to a
decrease i~) t}le [0 111] arid [N 111] lir]e fluxes, because the avelagc  ioni?.atior] of the twbula  lim riecrea.sed.
q’his  r? frect ]ias also been pointed out by }lubin (]983,  1985). in a tw~com~)olwnt,  core-}la]o nlodel, the
oxygerl equilibrium is also affected by the size and density of the core, since the [0 111] lR line fluxes depend
strcmgly On the extent of the 0++ ioniz,atio]] zone into the diffuse halo colnpor)eut.

~’he feature between 19 and 22 eV irl Figure  4 is due to the rcco]nbinatiorl  li~le of helium fronl t}]c 2:+S
level. ~’his line is highly forbidcte]i aud is considered by the code to be in the diffuse radiatiou field. l’he
c!nissioll of the lil]c was modeled to give the accurate ernissivity  of the line and the correct ciisttibutio]l  of
tbc e]]crgy  released. This change in the mode]ing of the line for ease of computatoin does Iiot affect the
ionizaticm equilibrium or statistical equilibrium.

We note that rr]ost  of the spectra i~l Figure  4 do not show evidence of harderlillg  because tl~e opacity of
Ilcwtral }lydrogcn  is very low. Therefore the change in the radiation field v.rith  illcrcasil]g  radial distance is
due prilnari]y  to geometric diltrtiox].

Figure 5 shows the derivecl ioni?,ation  correctio~]  factors as a fuIlction of ?;tj of the ioIlizi~Jg star. We
see satisfactory agreement wit}i the tileoretical ionization correction factors ir] Fi.gu re 2. “1’IIc  ionization
fractiox] ()++ / () increases  u’it.h ?~jj with a large scatter due to differences in density structulc and I,yrlJarl
ccmtinuurn photon ftux (A’;) of t}le nebulae, The ratio h’+ + / h’ > 0.7 in all but 5 cases (where 7)f~ ~
3400() K), and it generally stays near unity. ‘J’he ratio S++ / S is also near urlity, though  ttlere  is e~’idcmce
of rul incre~sirlg  fractioz]  of S+ 3 for 7~ff  ~ 38500 K.

5. GA1,ACTIC 3’ItC)I’ERTIFX

5.1. Abunclances

From the derived N / 11, S / H, and 0 / H in ~atrlc 4 we can obtain the distribution of abundances
as a fuT1ctioI) of galactoccntric distance IJG. The data arc displayed in I;igures  6a, 6b, ar]ct 6c. l,inear  least
squares fits to the data, dis~)layed  as solid lines, arc:

[N/n] = (- 3.583 0.04) - (0.072A 0.006)  DG(kpc)  (r= - 0.7rj), (3)

[S/11] = (--4.45* 0,04) -- (0.0633 O.OOfi)DG(kpc)  (r= --0.77), (4)

and
[0/11]  = (-2.854 0.06) - (0.0644. 0.009) DG(kpc)  (r= -0.66), (5)

where r is the correlation cocfi icicnt. Thus IN / H, S / H, and O / H decrease with increasing l)G.  A
constamt  slope is statistically superior tc) a twostcp distribution of abundances. We observe greater scatter
in the atmmdanc.es  among sources with I~c; > G kpc than those with I~c; < 6 kpc. Ihre tc) the ionizaticm
correctiorl,  O / H has  more  scatter thar) N / 11 or S / H.
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Wc derive  S / }1 abundances  equivalent to those of SimIJson ef al. (1995) ard Silnpson  & liubirl  (1990).

E’OJ  the sources where wc used line fluxes f]c)~rl  Simpson cf al. (1995), our derived S / 11 gmlcrally  ag[~:c
with those  of Simpsol] d al. (1995) u’ithill the errors. Our gradient is also consistellt  with results of Llacie]

&’ Koppel) (1993) for all types  of planetary nebulae except those with low-mass progenitors, which are
thottgilt  to be olde~ than 6 Gyr.  Shaver e.t crl. (19S3) did not find a S / 11 gradient with l~c; fl OIII their data,
~lowever,  there were on]y a few sources (]4) for which they  had sulfur Iilm data, and for which the sulfur
abundances were derived. An S / H gradient may not have been detected by Shaver d rd. (1983) because
of the weakness of the [S 111] Mi312~ line, the small number of sources distributed over a small  fraction of
the galactic disk, al]d an u~icertain ionization correction for sources which were only observed in [S II] li~les,

5 . 1 . 3 .  The O 11!  Ghdieni

!f’he O / 11 abundances we derive are consistent with the results fotrlJd by Shaver et a/. (] 983)  fc)r
diffuse 1111 regions and with those inferred by Afflerbach et al. (1996) for lJC 1111 regions. Our gradient
is consistent Wit)]  the  results of hlaciel  &~ Koppen  (] 994) for al] tyJK5  Of p]atletary  IlebUla~  eXCept for the

youngest nebulae, which have a shallower slope and a large dispersion in O / 11 abundances. Our gradier]t
is s}m.llower than that found by I’eimbcrt  (1978), who observed a slope in [0 / ?1] ~it}l DG of -fI.13 3 ().()4,
for five H 11 regions in the range  6.5- 11.8 kpc.

Our results are inconsistent with those of Kaufer  et al. (1994), who find ncJ dependence of 0 / 11 ar]cl
N / 11 o: I Dc; in the range  6.0- 17.0 kpc in II stars in the galactic plane.  It rIla>’ be sigIlificant  that the
abulldaTlcc!s  derived by Kaufcr  et al. (1994) ap~)ear to scatter by N 40.3 dex arouIld  t]le IIlea]] value, If
this scatter is in fact the result of uncertainties in the deterrninaticm  of i]ldividual  abulldar)ces,  it is J)ossible
that a gradient with the slope wc observe ccmld be hidden in the noise. This is cs~,ecially  true for I)G >6.0
k])c, where  we observe soxuewhat nlore  scatter in our abundances and possibly a shallower gradicl!t  t}lart in
the innel galaxy.

5.1. ~. Scotter  oj Abundances

‘~o distinguish the intrixlsic scat te? of t}le abundances at a given DG fror[l t}lc rarldor[l  errors due tc)
lI1ea.~urenlent uncertainties and model errors, we apply a procedure described by Savage et al. (1990).
WC estimate the irltrinsic  scatter in t}w aburldarlces  using a parameter o ~ added in quadrature to the
uTlceT  tainties we determined for each point. If we adjust o~ to make the reduced X2 equal to unity, wc dmi ve
an intrinsic scatter oi = 0.16, ().10, and 0.16 for log (N / H), log (S / 11), aud log (O / 11), respectively.
q’he agreement of oi for the three elen)ents  demonstrates the consistency of our modeling process and our
derived errors. We infer a systematic intrinsic scatter of s 25- 45% in the atnrndal)ces  for a particular
IJG. ‘1’be intrinsic scatter of abundances may result  froni incomplete mixing  of the ISM or l]oll-radia]
variations in abundances due to spiral structure. Ilowever,  we caution that some of this scatter may be duc
to unknown systematic errors in our modeling process due to the omission of dust and stellar winds, the
assumption of a one or two-component clensity distributiorl,  or uncertainty in the model stellar atmospheres

or atomic COCffiCkrM.
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dc[er~nincd from the same class of regiol~s via radio  recombination lilies. T’he fact that tl)e 7i-I)c; gradiwlt
fould frcnn nlodeling  OLLI 11{ lillC’ ObSerVatiO1lS  iS fXSelltlallJ’ thC’ same  as that fOU1ld flOIll lllOdding  ~{1{1, ]i]le
observations of the same claM of nctrulac  provides strong  support for the c-onclusiorl  of Afflcrbac.h et al.
(1 996) that the T,-I~G distribution is primarily deterIrlil]cd by the distributicnl  of t}]c abundances of ncbulat
coolants aud secondarily by the effects of collisional  qurmching of coolant lines. Iu addition, we fhcl fron]
OU] analysis  that S / 11, h’ / 11, and O / 11 have al)proximate]y  the same gradicmts i)] the galactic plar]e
from 0- 11.4 tcpc.

5.3. Abundances and ionization CJradients  IYoxn  lon Ratios

IIy co~lsidering the ion ratios 0++  / S++ and N++ / 0+ ’ and l~f~  as a function of l)(;, we call
invc.stigate  the variation of ion aburldance  ratios wit}l clcmcnt.  abundance variatioris  within  the galaxy.
Figures 8a and 13b show the h’++ / 0++ and 0++  / S++ ratios as a function of DC;. Althougl]  there i,s
substantial scatter due to variations in density structure al]d AT: amor]g  t}lc sources, it is clear t}lat 0++ /
S+ + is greater at DG > 5 kpc than at DG < 5 kpc, and that N ++ / 0++  is lcnver at I)G > 5 kpc than at
D(;  <5 kpc. This correlation is in tile sense of incrc~sing  ionization  with increasing l) C;, ir) agreelllent  wit})
FIJi  observations by Simpson et al. (1995) and He recombination line observations by Churchwell  ct al.
(1976). However, the modeled 2\ff dots not show an incrca.w with I)G in our sample, as would be the case
if the ionizing stars incremed  in excitation with l~c;. We therefore conclude t}]at the incrcascd  iolJizatiorl
with lJC; is not due to a systematic increase in Tifj wit}) l~G, but rather to the change in atmrldanccs  with
11(-, as discussed below.

In Figure  9a, our ionization equlibriurn  models S1)OW that 0++ / S++ clearly iyicrcasscs wit}] T:jj, but

that there is also an additional effect which causes the ratio to increaw  with IJG, indelx-vlrtc~]t  of T:ff.
FYOIII  models of 1111 regions over the observed range  of abundances ([Z / 11] = -0.4 Oriorl to 0.8 Oriori). we
scw that this variation in 0++  / S+ + is cxpcctcd  from the observed range of r[lctallicities,  and t}lat it is
likely t})at the observed increase in iorlizatiou  with I)G is due to a decrczrx  iu opacity due tc) dccrcassecl  lirle
Mankctirlg  (Scarle  1971; Shields 1974). A fully sc]f-consistent treatmcr)t  would iriclude tl)e same abulldallccs
ill the model atmospheres as in the nebula. ‘IIlis is tqcJIld the scope of t}lis }]a~lcr  t)u~ SIICJUIC!  he dcMIe i]]
future analyses. Including t}le change irl liuc Mankctiug  due to the change in abundances  wit}) I)c;  ir) tl]c
stellar atn)osphcre  rnodcls would impact the inferred stellar effective temperature Tejf. A cl]arlge in ?j~j
would have the strongest impact o]) the derived O / 11 but should have a sigIlificantly  srnallcr  effect  orI Ii /
}1 and S / 11.

Whexl  wc include the additional scatter in the theoretical determinations of log(()+ + / S+ + ) of i
45%, due tc) t}lc variatiorl  of tt, and Ar~ within our sarnp]c, We find that all but four sources have values c~f
IC)Z(O+  + / S++ ) that fat] within the range  of the models. G298.22 }Ia.$ a low 0++ / S+’ for its obscrvec]
7~ff  := 40000 K, because it is ionized by multiple sources, and also because the source is not fully cont,aincd
wit}lixl the bcarn,  both resulting il~ an overestilnate of 7efj.

A similar analysis applies for the ratio N++ / 0++ . T}le dccrcase  in the ratio with DC, to a large

extent, is CIUC to an increaw in ionization with I)G, which is consistent with the otrserved dccreaw  ir)
abundarlces  with incre~sing  DG. Irl this case the scatter in l~(; due to the range of ne and NJ is 4 1570,
much smaller than for 0++ / S++ . All but four sources fall within the range of our models. our 0++ /
S++ and N++ / 0++ gradients are consistent with the ionization gradient duc to decre~~ing nlctallicity
Wit)l illCrC~SiTI~  DG.
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(1 al scm 1976; Mattcucci & Fyancois 1989; and crt}lcrs) and / or a thick  disk (1’ardi et al. 1995) which takes
lJl;+cc at galactoccmtric  distmlres  which ixlcrm.w liljearly  with time.

‘1’lIc distribution of relative abundances iu the galactic plane is thought to be primarily due to tlte
histclry of stellar ]luck!osynthcsis.  l’hc  productio~l  of a~l elC’lllellt ill prilnar.v nuc]emynthfxis  is i]iclelmndcnt  of
tlw initial com})osition of tlm stare that produce it and is likely to be the rcsrdt of cr-process nuc]cosyuthesis
(Vila-Ck)stas & Edmu]ids  1993). 1]] secoxldary nucleosynthesis,  the yield of au element is a function of tl)c

14N i$ ~)rc)dt)ced ~~ia secondary  nuclcosymhesis  in t}lcinitial abundance of seed elemm]ts. If the majority of .
CNO proccss,thcratioof I’! toprimayy  elements can bc expected tc~ increasc  with the abur]danceof  the
prilnaty elclnes]ts (\~ila-Costas& F,dmr-rnds 1993; I-k3mrrnds  &. I’agel 1978) and,  therefore, decrease with
incre~sillg  l)G.

We observe a gradient of N / 11 decreasing witi] increasing IJG which has the same slope as the gradient
fc)l thcprirnaryelement  sulfur. N /O is not found to beastrong  function  ofljc:. Theinlplication is that
tl)c majority of nitrogen is produced through primary mrcleosynthesis.  This production of nitrogen may
take  placeixl  the third dredge-up from the CO core duriligthc  AG13 phase (Renzini  & Voli 1981; lbcn &
}{erw,irli  1983) or in stars of lownletallicity of)nass  > 30 ME) (Woosley et cd. 1993). Alternately,  nitrogen
n]ay bc produced mostly  try secondary nucleosynt}lesisl  but the h’ / O gradient may have been flattened due
to])ollutio]l  ofunprocessed r[~aterid bysu~)errlovwir]  otl]erregions c] fthegataxy  (Wilrnes&  l{op~)en  1995).

2’}Ic  otrscrved decreascof  S / H with I)G,  aloxig with the lack of a clear dependence of S / O on
I)G is consistm)t  wit}) primary nucleosynthesisof S ancl 0. This resolves the problem of the apparent]~’
flat distribution of S / H with DG observed by Shaver et al. (19$3)  which could not beexplaincd by
~lucleosyllt.hesis  models without postulating a difference in the timcscalc  of S and O production] (Matteucci
&l~rancois  1989;  Matteucci  1991).

For S /}1 and N /11 asingle gradient with I)G isstatistically rrlore significant than aste~)  function  for
l)CJ < l].4k~>c,  alt}]oug}l  t}leir]cre~sed  scatter ofal>uT)dar)cesat  1~~ > 6kpcmayallo  wforfiatte~lill  go fthe
,qIadicmt  i]jtheouterga]axy.  Thcreforewe do not sme\idexlceo ftlleradialn ~ixirlgi rlt}ici  1lrlergalaxytl,at
would be the result of a stroylgly barred structure (FYiedli  ct al. 1994). The absence of a strongly-barred
st]-ucture  i:} our galaxy is alsc) consistent vrith the magI]itude  of the aburldance  gradient aI]ci the absolute
value of atrul)dances  in the galactic center (Section 5.4).

6. CON C1,lJSl ONS

‘1 ‘I)e main results of this work are as follows:

I ) Observations of [0 111] 88 and 52 pm, [h’ 111]  57 pm,  and [S 111] 19 pm IR firle-structure  li~]es are
reported for a sarnp]e of 34 compact and UC }] II regions distributed in the galactic plane  from O - 12 kpc.

2) lrltcrnal]y  consistent statistical and ionization equilibrium nebular models with line blanketed Kurucz,
(1 WI ) atmospheres were produced for each source consist.erlt with the observed lR fine-structure lines and
high-resolution radio continuum images. Where appropriate, models included two density components.

3) We find abundances which decreasse with increasing DC. We derive the gradients: [S / H] = (-4.45
4 ().o4)  - (0.063 3 0.006) DG (kpc),  [N / H] = (-3.58 4 0.04) - (0.072 5. 0.006) DG (kpc),  and [0 / H]
: (-2.85 * 0.06) - (0.064 A 0.009) DG (kpc).  All gradients have the same slope, and the abundances are
trotter fit by a single gradient than by two components or by a step function of DG. The intrirmic scatter of
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Fig. 2: The ionization correction factor (Z / Z++ ) is shown a-s a fu~)ction  of T,ff of the ionizing star. g’he
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f ‘oints are the ion ratios EM a functiorl of derived Tef\. The triangles are sources at ])c; > G kpc;
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the crosses are sources at DG <6 kpc. In order of increasing N++ / 0++, the lines are abux,dar,ccs  [Z / I]]
= -0.4, 0, 0.4, and 0.8 orion. There is additional scatter in the theoretical ratios of 3: 0.06 dex due to the
range  of 7te and h’: of our sources. Most sources fall wit,hirl  the rallge  of the models.


